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DEDICATION 
 
To Lita, Marmie, Tata, and Gordy 
 
“Society can ill afford the further erosion of such areas in either 
size or diversity [like the Boundary Waters Canoe Area Wilderness]…for 
if we are to understand the genetic, physiological, and ecological 
characteristics of organisms, we must have some examples of the 
ecosystems in which they evolved. In the end such understanding may be 
no less than the key to human survival.” 
-Miron Heinselman, 1973 
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ABSTRACT 
 
 Wildfire is a natural disturbance common to many forested ecosystems of North 
America. In the fall of 2011, a lightning-ignited wildfire, the Pagami Creek Fire (PCF), 
burned over 38,000 hectares of forest in northeast Minnesota, most of which occurred in 
the protected Boundary Waters Canoe Area Wilderness (BWCAW).  
 Satellite remote sensing data has been used within the upper Midwest to detect 
and quantify forest vegetation extent, composition, and associated structure. However, 
very few studies have quantified the composition and structure of early seral forest 
regeneration.  
We were interested in two objectives: 
1) Use a combination of remote sensing imagery (multi-temporal Landsat data 
and National Agriculture Imagery Program (NAIP) color-infrared aerial imagery) and 
derived variables to develop models estimating quaking aspen (Populus tremuloides 
Michx.) regeneration abundance and structure as well as vegetation species richness 
derived from field plots. These empirical models were used to spatially extrapolate field 
data to produce continuous spatially explicit biophysical estimates for the entire PCF 
burned area. 
2) Examine hypothesized relationships between pre-fire aspen basal area (BA) 
and resulting fire severity, and to evaluate whether burn severity and pre-burn aspen BA 
may explain observed variability in aspen regeneration (size, abundance, and distribution) 
and vegetation species richness within the PCF burned area. 
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Remote sensing-based models for vegetation species richness (RMSE=2.47 
species, Adj. R
2
=0.60) was the strongest observed, followed by average aspen stem 
diameter (RMSE=2.21 mm, Adj. R
2
=0.53). We also generated statistically significant (p 
< 0.01) empirical models for average aspen basal area, height, density, and percent cover.  
We used simple linear regression to examine empirical relationships between field 
measurements of regenerating aspen abundance and vegetation species richness 
measurements as functions of satellite derived fire severity and pre-fire aspen BA 
estimates. Aside from one of our aspen measurements (percent foliar cover), there was a 
significant relationship (p < 0.01) and meaningful coefficient of determination with pre-
fire aspen BA and post-fire aspen measurements (Adj. R
2
 range = 0.33 - 0.12). There was 
not a significant relationship (p = 0.46) between pre-fire BA and vegetation species 
richness (Adj. R
2
 = -0.01). There was not a significant relationship (p-value range = 0.14 
- 0.57) between fire severity and all other vegetation recovery response variables. 
 We expect both forest managers and ecologists to benefit from the ability to 
detect, model, and quantify early-seral stage forest regeneration over large, often remote, 
areas. Such remote sensing methods may further facilitate understanding of landscape 
scale processes (pattern, distribution, and abundance) with respect to fire and other stand-
replacing forest disturbances in this and similar forested environments. 
Keywords: aspen, Boundary Waters Canoe Area Wilderness, disturbance, Landsat, 
National Agriculture Imagery Program, partial least squares regression, succession, 
vegetation species richness 
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CHAPTER 1. GENERAL INTRODUCTION 
 
Background 
Wildfire is the dominant natural disturbance and driver of multi-age stand 
creation in the boreal and sub-boreal forests of the Boundary Waters Canoe Area 
Wilderness (BWCAW; Heinselman 1996). The influence of wildfire and other 
disturbances on vegetation, and the landscape patterns it creates, has been well studied in 
the United States (Frelich and Reich 1995; Heinselman 1996; Turner et al 1999; Franklin 
et al 2002; Johnson et al 2003; Johnstone et al 2004; Carlson et al 2011). However, due to 
the fire suppression policy in the United States during the 20
th
 century, large fires have 
long been absent from forest ecosystems (Heinselman 1996; Agee and Skinner 2005; 
Stephens and Ruth 2005). Therefore, little is known about the disturbance processes, 
ecosystem responses, and landscape patterns created from wildfires in the boreal and sub-
boreal ecosystems within the Lake State regions (Johnson et al 2003). Dynamics of these 
forests and associated disturbance regimes must be understood on the landscape level to 
inform sound management decisions (Johnson et al 2003).  
Fire has been the prime determinant of forest composition and structure in the 
BWCAW with a natural fire rotation of about 100 years (Heinselman 1973; Rowe and 
Scotter 1973; Heinselman 1996). Virtually every stand in the wilderness originated as a 
result of fire (Heinselman 1973; Heinselman 1996). Past fire suppression policies 
(Heinselman 1973), coupled with fire-retarding land use and/or land cover changes 
outside and adjacent to the BWCAW perimeter (Frelich and Reich 1995), have allowed 
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BWCAW forest communities to exist largely free of fire, whereby allowing abnormally 
high forest fuel load levels, which exacerbates both fire susceptibility and our ability to 
forecast potential fire behavior and severity (Mutch 1994; Ferry et al 1995; Kolb et al 
1998; Keane et al 2002; Schoennagel et al 2004; Agee and Skinner 2005; Stephens and 
Ruth 2005). Further complicating this are variables that are in a constant state of flux, 
such as change in climate patterns (Johnson 1992; Stocks et al 1998; Johnstone et al 
2010), spruce budworm defoliation (Bergeron and Dansereau 1993, Sturtevant et al 
2012), and wind disturbance (Johnson 1992), which modify or add to ambient fuel loads. 
Satellite remote sensing data has been used effectively and efficiently in forest 
ecosystems within the upper Midwest to detect and quantify forest vegetation 
composition and associated structure (Wolter and Townsend 2011; Wolter et al 2012). 
Estimation of comprehensive forest structure information via satellite remote sensing 
with only limited physical access to an area has multiple benefits. However, detection 
and quantification of early-seral forest regeneration patches as well as diverse herbaceous 
vegetation recovery across the recently disturbed Pagami Creek Fire (PCF) is 
substantially more difficult. Here, difficulty is a function of the relative biophysical size 
of regenerating forest vegetation with reference to satellite image resolution parameters.  
 
Goals and Objectives 
The overall goal of this study was to assess whether a combination of satellite and 
airborne remote sensing data could be used to detect and quantify early-seral stage aspen 
regeneration (quaking aspen, Populus tremuloides Michx.), as well as overall vegetation 
species richness soon after an extreme disturbance event (wildfire). High severity burns 
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are known to produce large numbers of aspen root suckers (Fraser et al 2004) and this 
landscape was known to support a substantial volume of aspen prior to the PCF (Wolter 
and Townsend 2011). We were presented with a unique opportunity to apply remote 
sensing to quantify early-seral stage aspen recovery in a location where the 
predisturbance forest state was previously mapped. Aspen is a highly important species in 
this region. Depending on the specific aspen abundance, this species provides a number 
of ecosystem services, including habitat for wildlife (Heinselman 1973), contribution to 
ground water recharge (Ohmann et al 1978; Gifford et al 1984), and under the right 
conditions, aspen may function as a firebreak (DeByle and Winokur 1985). Hence, with 
detailed ground measurement data and concurrent remotely sensed data, we hoped to 
evaluate whether remote quantification of seral stage vegetation recovery was possible. 
Additionally, we were interested in whether essential ecological insight could be 
gleaned field-derived measurements, such as how pre-fire aspen basal area and fire 
severity influence post-fire aspen abundance and vegetation species richness. This goal 
was achieved by addressing the following objectives: 
1) Develop empirical models that can predict field-collected estimates of 
aspen regeneration and early-seral vegetation using remote sensing data, and apply those 
models to map aspen abundance and vegetation species richness across the entire PCF 
burned area. 
2) Investigate whether pre-fire aspen basal area and fire severity may explain 
or drive aspen regeneration abundance and distribution, as well as overall vegetation 
species richness. 
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Thesis Organization 
This thesis follows the journal paper format. Chapter 1 provides a general 
introduction to the thesis. Chapter 2 address the aforementioned research objectives. 
Specifically, Chapter 2 is a paper outlining the process of taking field-based 
measurements of aspen and vegetation species richness to attune remotely-sensed 
estimations of aspen and richness, and then finally creating a map and model of aspen 
and richness estimations throughout the range of the entire burned area. Chapter 2 also 
focuses on the ability to answer ecological questions with field-derived measurements of 
aspen and richness estimations. Chapter 3 summarizes general conclusions from the two 
journal papers that comprise this thesis. 
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CHAPTER 2. USE OF REMOTE SENSING TO MAP ASPEN REGENERATION  
AND VEGETATION SPECIES RICHNESS FOLLOWING WILDFIRE,  
AND DRIVERS AFFECTING FOREST RESPONSE  
FOLLOWING WILDFIRE IN THE UPPER MIDWEST  
Rayma A. Cooley, Peter T. Wolter, and Brian Sturtevant 
A manuscript to be submitted to Landscape Ecology 
 
Abstract 
Wildfire is a common natural disturbance occurring in North America forests. 
Previous studies employing remote sensing to estimate forest structure and composition 
have been in mature forests with small, infrequent disturbances. It was unclear whether 
remotely sensed imagery could be used to estimate early successional forest and 
herbaceous plant regeneration following a stand-replacing disturbance event. In this 
paper, we present our findings on the use of remote sensing data to detect distribution of 
early-seral stage aspen abundance and vegetation species richness following a high 
severity wildfire, occurring in the fall of 2011 in northeast Minnesota.  
We inventoried 81 field plots throughout a recently burned area in the Boundary 
Waters Canoe Area Wilderness in northeast Minnesota. Relationships between field and 
remote sensing data were analyzed using an iterative adaptation of the partial least 
squares regression algorithm to identify optimal sets of predictor variables for calibrating 
six biophysical vegetation structure estimation models. Model calibration coefficients, 
combined with satellite and aerial imagery, were used to extrapolate spatially explicit 
estimates to facilitate mapping the distribution and abundance of aspen regeneration and 
vegetation species richness throughout the burned area.  
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The calibration model for vegetation species richness (RMSE=2.47 species, Adj. 
R
2
=0.60) was the strongest, followed by average aspen stem diameter (RMSE=2.21 mm, 
Adj. R
2
=0.53). We created models for basal area (RMSE=0.03 mm
2
/m
2
, Adj. R
2
=0.45), 
aspen height (RMSE=25.55 cm, Adj. R
2
=0.42), density (RMSE=0.43stems/m
2
, Adj. 
R
2
=0.40), and percent cover (RMSE=5.72 %, Adj. R
2
=0.22).  
We also used our field plot measurements to test whether our vegetation response 
variables were significantly related to fire severity and pre-fire aspen BA, using simple 
linear regression. Aside from percent foliar cover, there was a significant relationship (p 
< 0.01) and meaningful coefficient of determination with pre-fire aspen BA and post-fire 
aspen measurements (Adj. R
2
 range = 0.12 - 0.33). There was not a significant 
relationship (p = 0.46) between pre-fire BA and vegetation species richness (Adj. R
2
 = -
0.01). There was not a significant relationship (p-value range = 0.14 - 0.57) between fire 
severity and all other vegetation recovery response variables. 
Keywords: aspen, basal area, boreal forest, Boundary Waters Canoe Area Wilderness, 
early-seral, fire severity, Landsat, Minnesota, National Agriculture Imagery Program, 
Pagami Creek Fire, partial least squares regression, succession, vegetation species 
richness  
 
Introduction 
Landscape patterns created by wildfires, and the vegetation recovery that follows, 
has been well studied in North American boreal forests (Frelich and Reich 1995b; Greene 
et al 1999; Reich et al 2001; Schroeder and Perera 2002; Greene et al 2004; Johnstone et 
al 2004; Weyenberg et al 2004; Jayen et al 2006; Johnstone and Chapin 2006; Lecomte et 
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al 2006; D’Amato et al 2011). Often disturbance, such as wildfire, produces landscape 
patterns by creating a mosaic of severities and legacies (Turner et al 1999; Franklin et al 
2002; Franklin et al 2007). Extracting spatially explicit biophysical vegetation 
information, such as regenerating floristic abundance and richness, from such a landscape 
can be difficult due to limited resources and accessibility. Remote sensing technology, 
however, has proven to be a powerful tool through which species composition and 
structure for mature forests may be derived (Wolter et al 2009; Wolter and Townsend 
2011). The ease and reliability of these methods can be greatly reduced when attempting 
to detect and quantify early-seral stage vegetation structure following a high severity 
disturbance. Subsequent plant progeny—two to three years after a stand-replacing 
disturbance— are typically very small (height), often sparsely arranged or patchy, and 
highly diverse (Oliver and Larson 1996). The scale of heterogeneity in these features may 
or may not correspond well with the resolution (spatial or spectral) of satellite sensors 
such as Landsat, complicating remote sensing applications addressing early-seral stages. 
With that said, having the ability to obtain spatially explicit recruitment and structure 
information so early in a forest’s successional state— over large landscapes— would be 
valuable for forest managers and scientists in providing insight into future stand 
development. 
Reliability of remote sensing data to detect fine-scale differences in vegetation 
structure and change is low on a local level (Kuchler et al 2004). In the event of a severe 
disturbance, such as a stand-replacing crown fire, most or all standing trees are 
completely killed and defoliated. Hence, physical obstructions that would otherwise 
obscure visibility of ground layer vegetation (via satellite or airborne remote sensors) are 
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minimized, whereby increasing the probability of detecting and distinguishing 
regenerating vegetation. The present study evaluates the effectiveness of using remotely 
sensed imagery to measure abundance and structure of a common pioneer hardwood 
species, quaking aspen (Populus tremuloides Michx., hereafter simply referred to as 
aspen), and to measure vegetation species richness, defined here as the number of plant 
species in a given area, following a high severity wildfire occurring in the Boundary 
Waters Canoe Area Wilderness (BWCAW) in northeastern Minnesota, USA. 
Aspen is often generalized as an early successional species because it establishes 
quickly throughout disturbed sites (Heinselman 1996; Frelich and Reich 1998; Johnson et 
al 2003; Fraser et al 2004). Aspen has many mechanisms to adapt to disturbance 
including wind-dispersed seeds from adjacent nearby populations and vigorous sprouting 
from the parent root system (Frelich and Reich 1995b; Heinselman 1996; Johnson et al 
2003). Drivers affecting aspen regeneration include various soil characteristics, resource 
availability (i.e. water, light, etc), and climate (Perala 1990). Typically, aspen requires 
frequent disturbance to sustain colonies (Heinselman 1973; Roberts et al 1995; 
Heinselman 1996; Greene et al 1999). Aspen provides a number of ecosystem services 
including habitat for wildlife (Heinselman 1973), contribution to ground water recharge 
(Ohmann et al 1978; Gifford et al 1984), and under the right conditions, aspen may serve 
as firebreaks (DeByle and Winokur 1985). While there have been many studies 
evaluating vegetation regeneration following wildfire in boreal ecosystems (Bergeron and 
Dansereau 1993; Frelich and Reich 1995b; Schroeder and Perera 2002; Fraser et al 2004; 
Johnstone et al 2004; Jayen et al 2006; Johnstone and Chapin 2006; Lecomte et al 2006; 
Wang 2006), there have been few opportunities to study abundance and structure of 
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early-seral stage aspen recovery following a large, high severity wildfire entirely within 
the Lake States boreal ecosystem. 
Species richness is an elemental substratum to species diversity (Hunter and 
Schmiegelow 2011). Intermediate frequencies of disturbance, such as forest wildfires, 
have been shown to increase vegetation species richness at a local scale initially because 
of high resource and colonization availability (Hickey 1994; Reilly et al 2006; Catford et 
al 2012). However, Turner et al (1997) found that high burn severity and large patch size 
negatively affected richness of vascular plants following the prominent Yellowstone fires 
of 1988. 
The primary aim of this study was to use field measurements and remote sensing 
data to calibrate aspen abundance and structure models, as well as a plant species 
richness model to be used collectively as measures of forest vegetation recovery 
following a large, high severity, forest wildfire (Figure 1). Because pre-fire aspen 
abundance was known (Wolter and Townsend 2011) and subsequent, post-fire aspen 
recovery was observed to be in high abundance, it was then logical that aspen would 
become our remote sensing focal species. Hence, we will test the hypothesis that remote 
sensing data and field measurements of early-seral stage aspen regeneration structure and 
vegetation species richness can be used collectively to scale up vegetation estimates to 
the landscape-level, and do so with a degree of certainty that will benefit both forest 
management and research.  Specifically, we hope to produce maps of early-seral stage 
aspen characteristics, as well as vegetation species richness that are of suitable precision 
and resolution for the analysis of both landscape patterns associated with wildfire and to 
improve forecasting of future forest compositions (Scheller et al 2007). 
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Additionally, we were interested in using our field measurements of aspen 
abundance and vegetation species richness to answer how potential drivers, like fire 
severity, as measured by the relative difference normalized burn ratio (RdNBR) and pre-
fire aspen basal area (Wolter and Townsend 2011), may influence these vegetation 
recovery variables. We hypothesize that high pre-fire aspen basal area would relate to 
high post-fire aspen abundance and high vegetation species richness, based on research 
results for other forest studies and regions (Heinselman 1996; Turner et al 1997; Ryan 
2002; Johnson et al 2003; Wang and Kemball 2005; Carlson et al 2011). We also 
theorized that high fire severity would positively affect aspen abundance and negatively 
affect vegetation species richness, based on literature review (Turner et al 1997; Ryan 
2002; Fraser et al 2004; Wang and Kemball 2005).  
It is well documented that pre-disturbance forest species vegetation composition 
largely determines post-disturbance forest regeneration (Heinselman 1996; Johnson et al 
2003), but the latter scenarios may seem contradictory. Since some studies have found 
that high severity fires have initially negatively affected vegetation species richness 
(Turner et al 1997; Ryan 2002; Wang and Kemball 2005), we posit that areas with high 
pre-burn aspen cover may have higher vegetation species richness, as dense aspen stands 
often exhibit lower flammability —compared to conifer species— and, under the right 
conditions, may even serve as firebreaks (DeByle and Winokur 1985). Moreover, areas 
which have exhibited high fire severity have shown to produce large amounts of aspen 
root suckers (Fraser et al 2004), which may also physically retard ground layer vegetation 
species richness. 
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Methods 
Study area 
The Boundary Waters Canoe Area Wilderness (BWCAW) is located on the 
southern edge of the North American boreal forest, in St. Louis, Lake, and Cook 
Counties, Minnesota. The climate of the study area is characterized by long cold winters, 
and short warm summers. Mean annual temperature is 3.5ᵒC and mean annual 
precipitation is 65.0 cm (NCDC NOAA 1999-2012). Prevailing winds are from the west, 
especially during dry weather (Heinselman 1973). Thunderstorms occur from May 
through September, and lightning ignition of forest fuels during dry storms is common. 
Crown fires account for most of the recent burns in this forest. Crown fires are associated 
with atmospheric patterns of clear weather and high temperatures in spring and summer, 
associated with rapid fuel drying (Johnson et al 2003). 
The BWCAW is within the Northern Superior Upland physiographic province 
(Heinselman 1996; MN DNR 2003). Glaciation and subsequence glacial retreat patterns 
created a labyrinth of lakes, streams, bogs, and forested peatlands. Soil textures include 
gravel, sand, boulder till, and lacustrine clay (Heinselman 1973; Heinselman 1996). 
Forest cover types of this region consist of conifer, deciduous, and mixedwood 
forests. Jack pine (Pinus banksiana Lamb.) and black spruce (Picea mariana (Mill.) 
Britton, Sterns & Poggenb.) dominate coniferous stands, whereas quaking aspen and 
paper birch (Betula papyrifera Marshall) prevail in deciduous stands. Mixed forests also 
include white and red pine (Pinus strobus L., P. resinosa Aiton), white spruce (P. glauca 
(Moench) Voss), balsam fir (Abies balsamea (L.) Mill.), tamarack (Larix laricina (Du 
Roi) K. Koch), northern white cedar (Thuja occidentalis L.), bigtooth aspen (Populus 
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grandidentata Michx.), and red maple (Acer rubrum L.) (Heinselman 1996; MN DNR 
2003). 
The Pagami Creek Fire (PCF) burned over 38,000 hectares on the Superior 
National Forest (SNF) in northeast Minnesota, most of which occurred in the protected 
BWCAW, from 18 August to 12 October 2011 (NRS 2012). This was a historic fire event 
with enormous potential for understanding the spatial heterogeneity of fire effects as well 
as consequences for recovery in this fire-dependent ecosystem (Heinselman 1996). 
Absence of this particular natural disturbance, due to fire suppression in the 20
th
 century, 
had led to substantial difference in vegetation dynamics over the years (Heinselman 
1996).
 
While the BWCAW has experienced five major fires in the last six years such as 
the Ham Lake Fire (May 2007, 30,351 ha), the Cavity Lake Fire (July 2006, 12,748 ha), 
the Famine, Redeye and Turtle Fires (2006, totaling 2,900 ha), the PCF was the largest 
wilderness forest fire in the BWCAW since 1894. As such, the PCF exhibited a distinct 
range of fire behaviors across a wide variety of vegetation communities that included 
diverse forest types and disturbance histories.  
Field measurements of aspen and vegetation richness 
We established 81 field plots in three areas, which were assessable by roads, 
trails, or lakes, throughout the burned area of the PCF (Figure 2, 5), with in situ 
measurement occurring between from 27 May and 15 August 2013. Plot locations were 
randomly stratified across the PCF using pre-burn aspen basal area (Wolter and 
Townsend 2011) and satellite-derived fire severity levels as measured by relative 
difference normalized burn ratio (RdNBR; Miller and Thode 2007; Miller et al 2009) to 
ensure capture of the widest range of natural variability possible. 
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Based on forest regeneration trends within previous fires proximal to the PCF 
(Brown and DeByle 1987; Frey et al 2003; Fraser et al 2004; Jayen et al 2006; Johnstone 
and Chapin 2006), we anticipated that aspen sucker sprouts would likely dominate 
measurable forest regeneration in the PCF. Therefore, our efforts to collect vegetation 
data centered on early-seral stage aspen regeneration. Focusing on aspen, with its great 
potential abundance and widespread distribution, represents a best case scenario for 
testing the feasibility of remote detection of early successional forest biophysical 
structure parameters via either satellite or airborne sensors. 
In addition to aspen abundance, we inventoried all other plant species present on 
field plots. Vegetation species richness measurements were recorded in a 20x20-meter 
plot in accordance to Minnesota County Biological Survey Relevé Plot methodology 
(MN DNR 2013). Methods for aspen measurements follow. 
Plots sampled in May and June of 2013 (n=32) were resampled between 19 May 
and 23 May 2014, directly after the winter snow had melted and the aspen regeneration 
was still dormant. The May and June 2013 plots were resampled so that aspen 
measurements would better represent woody structure and biomass during the late season 
sensor overpass times (Table 1). Random plots were created using the “Create Random 
Points” tool in ArcMap10, and located using a WAAS-enabled GPS receiver (Garmin 
GPSMAP 62stc; 2drms = 3m). We sampled 28 plots in the northwest region of the burn 
(along Lake 3 and Lake 4), 22 plots in the central region (along the eastern leg of the Pow 
Wow Trail), and 31 plots in the south-central region (near Comfort Lake and Road 913; 
Figure 6).  
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We resampled 10 of the early season plots from 10 August to 14 August 2013 and 
adjusted the remaining early season richness measurements by the average difference in 
species counts. This adjustment was made to account for differences in growth from early 
in the growing season (May and June) to the peak growing season (July and August), 
when the remote sensing images were taken. We have been unable to find a similar 
method for remeasuring richness and believe this method to be unique. 
Plots were clusters of four subplots arranged such that subplot 1 was at plot center 
(plot center marked with a chaining pin), and a metric measuring tape was used to locate 
subplots 2 through 4, which were 18 meters from plot center and orthogonally arranged. 
A compass was used to find the azimuth from plot center to subplot 2, which was 
randomly assigned. Subplots 2 through 4 were separated by 120 (Figure 2), creating an 
even, geometric formation around subplot 1 (plot center). Each subplot consisted of a 
fixed, circular area (28.27 m
2
) defined by a three-meter radius. Total area of the four 
subplots, which comprised the full plot area, was 113.10 m
2
. Within each subplot every 
aspen stem was counted and no fewer than 10 stems were randomly measured for 
diameter at root collar (DRC) and height. Measured stems were selected by dividing the 
total number of stems by 10, and then counting every n
th
 stem. For example, if there were 
150 stems in a small plot, then we would measure every 15
th
 stem; if there were 30 stems, 
then we would measure every third stem; and so forth. If the number of stems divided by 
ten did not result in a whole number, then we would round down to the next divisible 
number. Hence, if a small plot had 159 stems, we would measure every 15
th
 stem. If a 
subplot had 10 stems or less, we would measure every stem in the subplot. The total 
aspen count and average aspen dimensions (diameters and heights) that were to be 
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representative of the full plot were derived from the four subplots. Percent foliar cover of 
aspen and all other vascular vegetation richness was derived from the 20x20 Relevé plot, 
which was oriented around plot center. All measurements were based on the live 
coverage at the time of sampling. 
Northward and southward digital images of the landscape were taken from each 
plot center after sampling was completed to serve as a visual record of plot conditions. 
Each landscape image contained a whiteboard in the bottom right or left corner which 
revealed the following information: plot number, date, and azimuth of image. 
The plot configuration discussed above was designed to characterize a 
representative sample area that may be integrated with a range of sensor pixel resolutions 
(e.g., 2, 5, 10, and 30 m). The combined area of the four subplots is approximately 28.3 
% of a 20 m pixel and 12.6% of a 30 m
 
pixel, while the 400 m
2
-area of each Relevé plot 
is equivalent in area to that of a 20 m pixel. The Relevé plot represents approximately 
44.4% of a 30 m
 
pixel (Landsat resolution). 
Remote sensing imagery and vegetation structure variables 
Both satellite- and aircraft-based remote sensing image data were used in this 
research (Table 1). Two images from two Landsat sensor (Landsat-7 and -8) were 
downloaded from the USGS Earth Resources Observation and Science Center (EROS) 
web site (http://glovis.usgs.gov/) in UTM zone 15 coordinates. One meter spatial 
resolution National Agriculture Imagery Program (NAIP) color-infrared aerial image data 
(flown in August 2013) were also acquired (http://datagateway.nrcs.usda.gov/) for the 
PCF area. It should be noted that the 23 January 2014 Landsat-7 image (W1) had known 
scan line corrector (SLC) failure errors. These errors result in a tiger-stripe pattern of 
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image data dropouts that radiate out —with increasing width— from the nadir path line 
of these images. As a result, any ground plot data that landed in the dropout areas of this 
image had to be excluded (9 plots) during model calibrations. 
Field measurements of aspen abundance and vegetation species richness were 
used with remote sensing explanatory variables to calibrate models for estimating these 
biophysical vegetation parameters. Calibrated models were then used with these same 
spatially continuous remote sensing data to scale the vegetation parameter estimates up to 
the whole burned area. Specifically, we used 30 m spatial resolution Landsat-7 and 
Landsat-8 satellite data (W1 and L8, respectively; WRS-2 path 27, row 27) and a series 
of spatially degraded NAIP images derived from the original one meter image data as 
explanatory variables to extrapolate calibrated aspen abundance and richness models to 
the whole PCF area.  
We used spatially degraded NAIP data because while it was evident that one 
meter spatial resolution was far too fine for these model calibrations and predictions, it 
was equally unclear as to which resolution may be statistically optimal. Therefore we 
degraded the one meter NAIP imagery down to 2, 5, 10, 20, and 30 meters (hereafter 
referred to simply as N2, N5, N10, N20, and N30, respectively). In addition, we included 
winter Landsat-7 imagery (W1) acquired 23 January 2014 (WRS-2 path 26, row 27; 
Table 1) as a potential predictor of aspen abundance during model calibration by making 
use of potential relationships between tree shadows on the snow and quantitative 
measures of wood volume —such as basal area—in accordance with methods described 
by Wolter et al (2012). 
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Raw field data were then used to derive specific response vegetation structure 
variables to be used in combination with remote sensing variables for model calibrations 
and spatial parameter estimation and extrapolation. First, aspen density (DEN), the 
average number of aspen stems per square-meter, was calculated by dividing the total 
aspen count from each plot by the total plot area: 
        
       
  
 
 
       
 (Eq. 1) 
where n = total aspen count per plot (sum of subplot areas = 113.1 m
2
) 
Diameter (DIA mm) was calculated as the average diameter of aspen stems at root 
crown (DRC) per plot area (113.1 m
2
). Height (HT cm), was calculated as the average 
height of aspen stems per plot area. Average aspen dimensions for the full plot (i.e., DIA 
and HT) are based on the randomly sampled aspen stems in each of the four subplots. 
Percent cover (PC) was based on in situ ocular estimates of percent foliar cover of aspen 
per plot area according to Relevé methodology, where estimates are divided up into 7 
cover classes. These cover classes include 1) rare: a single occurrence, 2) +: 2-20 
individuals, 3) 1: many individuals, but less than 5% cover, 4) 2: 5-25% cover, 5) 3: 25-
50% cover, 6) 4: 50-75% cover, and 7) 5: 75-100% cover (MN DNR 2013). 
Aspen basal area (BA), the average tree stem cross sectional area (mm
2
) per 
square-meter, was calculated by the following equation: 
           
             (  
 )
  
 
    
 
 
               
       
 (Eq. 2) 
where n = total aspen stem count per plot (sum of subplot areas = 113.1 m
2
) 
Richness (RIC) was calculated as the total number of plant species found in each 
20x20 m Relevé plot.  
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Plot specific elevation, slope, and aspect data were derived from a digital 
elevation model (DEM) created with Space Shuttle Radar Topography Mission (SRTM) 
data at 30 m, UTM 15, WGS84 from the Center for Spatial Information Science and 
Systems, George Mason University (http://ws.csiss.gmu.edu/DEMExplorer/) accessed on 
29 May 2014. Precipitation and temperature data were sourced from PRISM Climate 
Group, Oregon State University (http://prism.oregonstate.edu) on 21 May 2014. Pre-fire 
aspen basal area was determined using spatially explicit total basal area estimates from 
Wolter et al (2009) and aspen composition data from Wolter and Townsend (2011). This 
data was used as further explanatory variables, in conjunction with the remote sensing 
data (Table 3). 
Model development and analysis 
Model calibrations and estimation of aspen abundance and vegetation species 
richness were accomplished using the same statistical approach. Vegetation 
measurements from the 81 field plots were used in combination with each image’s 
respective multi-spectral information as well as indices derived from these image data 
(simple ratio, SR, Jordan 1969; normalized difference vegetation index, NDVI, Rouse et 
al 1974; moisture stress index, MSI, Rock et al 1986; normalized burn ratio, NBR, Key 
and Benson 2005; reflectance absorption index, RA, Arzani and King 1997; and 
shortwave infrared visible ratio SVR, Wolter et al 2008) were included in these analyses. 
Shortwave infrared bands and indices (Landsat bands 5 and 7, MSI, and SVR) may be 
particularly useful for aspen abundance and density mapping, as these wavelengths and 
indices are known to be sensitive to forest BA (Horler and Ahern 1986; Olsson 1994; 
Wolter et al 2008) (Table 2).  
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A model calibration for each response variable (DEN, DIA, HT, PC, RIC, and 
BA) begins with automated explanatory variable selection using iterative exclusion 
partial least squares (xPLS) regression (Wolter et al 2012; Singh et al 2013). The initial 
suite of spatially explicit explanatory variables includes all the respective Landsat image 
bands (thermal bands excluded), NAIP image bands, multispectral indices derived from 
both the satellite and airborne sensor data described earlier, topographic variables, 
climate variables, and pre-burn aspen basal area estimates (Table 3). 
The underlying partial least squares (PLS) regression algorithm driving xPLS 
uniquely handles collinearity among multiple, correlated predictor variables through its 
use of latent variable structures (Geladi and Kowalski 1986; Wold et al 2009). Partial 
least squares regression was originally developed to calibrate models of response 
variables when predictor variables are numerous —in comparison to sample size— and 
highly collinear (Geladi and Kowalski 1986; Wold et al 2009; Carrascal et al 2009). In 
each case, final PLS structure models were cross-validated using a leave-one-out 
procedure (Gong 1986).The PLS routine differs from stepwise and Akaike information 
criterion (AIC) methods in that PLS uses cross-validation to reduce the importance of 
intra- and inter-correlated variables (Singh et al 2013). While PLS regression may reduce 
the weight of weak explanatory variables it does not specifically exclude them, which 
results in unnecessarily large, cumbersome models. Hence, xPLS differs from standard 
PLS in that xPLS systematically excludes predictor variables which exhibit little or no 
sensitivity to the response variable. Final PLS structure models were cross-validated 
using a leave-one-out procedure (Gong 1986). In xPLS, each predictor variable is 
withheld from the PLS model and then returned to the pool until all variables have been 
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withheld once. After all variables have been withheld once, the best model resulting from 
withholding the one weakest variable results in permanent exclusion of that one variable. 
This repeats iteratively until calibration models no longer show a reduction in the RMSE 
of prediction. The end result is a ‘best model’ with the lowest number of predictor 
variables (Table 3) and the lowest RMSE (Wolter et al, 2012) required to map early-seral 
stage aspen abundance and richness. Hence, PLS has been found to be a more reliable 
statistical technique than multiple regression and principal components analysis for 
identifying relevant explanatory variables, along with their magnitudes of influence, in 
ecology (Carrascal et al 2009). For each of the six model calibrations, final predictor 
variable sets were obtained by running then xPLS regression routine in MatLab (version 
R2013b, Mathworks Inc, Natick, MA, USA), where each model was cross-validated 
(Efron 1982) using the prediction residual sum of squares (PRESS) procedure (Allen 
1974). 
Next, with the best image-based predictor variable sets identified, the robustness 
of each model calibration was tested by running these selected variable sets through the 
PLS algorithm in SAS v. 9.3; SAS Institute Inc., Cary NC, USA. The results were sets of 
regression coefficients (slope and intercept, both centered and raw) for each selected 
predictor variable for each of the six modeled structural response variables. 
Mapping vegetation structural parameters 
The final PLS regression coefficient sets were then used with their respective, 
spatially explicit image-based predictor variables to extrapolate our field measures of 
vegetation structure (aspen abundance and vegetation species richness) to the entire PCF 
area. ERDAS IMAGINE 2013 software (Intergraph Corporation, Madison AL, USA) 
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was used with respective model coefficients and image-based predictor variables, to 
generated spatially explicit estimates for each of the six vegetation structure response 
variables (DEN, DIA, HT, PC, RIC, and BA). We clipped all wetland lowlands and pre-
burn, non-forest areas from resulting aspen abundance and other vegetation structural 
estimates, to avoid later analysis of areas which did not support forest cover at the time of 
the PCF. 
Digital data measurements of fire severity and vegetation 
The normalized burn ratio (NBR), which is sensitive to living chlorophyll, water 
content in soil and vegetation, lignin, hydrous minerals, ash and char (Elvidge 1990; Key 
2006; Kokaly et al; 2007), was originally used to detect extent and severity of fire in 
vegetated landscapes (Key and Bensen 2005). To detect changes pre- and post-fire, the 
differenced NBR (dNBR) can be used. However, chlorophyll contents vary by vegetation 
type and density, which may bias dNBR interpretation. Hence, a relative difference form 
of this measure (RdNBR,) was introduced (Miller and Thode 2007; Miller et al 2009). 
The RdNBR provides a clearer, unbiased indication of the ecological impacts of high 
severity fires with greater accuracy (Miller and Thode 2009).  
Pre-fire aspen basal area and distribution, as well as overall species composition, 
were determined using remote sensing-derived estimates from Wolter et al (2011).  
Linear regression was then used to test DEN, DIA, HT, PC, BA, and RIC each as 
a function of fire severity and pre-fire aspen basal area in the program RStudio (version 
97.551). 
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Results 
Included as explanatory variables in our xPLS regression models, was 2012 
climate data, topographic data, fire severities, and pre-fire aspen BA measurements 
exhibited within field plots. The range of natural variability for these variables within 
plots was comparable to that observed across the entire burned area. Average annual 
precipitation observed (from modeled climate data, PRISM) for field plot locations was 
8.37 mm (778.28 - 816.09 mm) less than that observed throughout the burned area 
(770.68 - 852.11 mm). The average annual temperature observed (PRISM) in field plots 
was 0.05C (-15.53 - 28.09C) greater than precipitation throughout the entire burned 
area (-15.95 - 28.3C). Average elevation among field plots was 9.14 m (455 - 509 m) 
less than that for the entire burned area (434 - 577 m). The average slope amongst field 
plots was 0.17 (0 - 8) less than slopes identified throughout the burned area (0 - 83) 
using a 30 m DEM. The most represented aspect sampled in field plots was south facing 
slopes (n = 16), followed by southwest (n = 13), southeast (n = 10), north and northeast 
(n = 9 each), east and northwest (n = 8 each), and lastly west facing slopes (n = 7). On 
average, fire severities (RdNBR, Figure 4) both within the plots and throughout the 
burned area were heavy to extreme. The average pre-fire aspen basal area (Wolter and 
Townsend 2011) among field plots was 7.213 m
2
/ha (0 - 36.27 m
2
/ha), which was greater 
than the average values measured across the entire burned area (0 - 56 m
2
/ha).  Ranges of 
natural variability statistics for observed ecological variables within field plots as well as 
the entire burned area are provided in Table 5 and 6, respectively. Most plots were within 
the mixed anorthositic unit bedrock geology (n = 50), followed by stratiform olivine-
bearing anorthosite (n = 7), troctolitic anorthosite (n = 5), troctolite and troctolite 
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cumulates (n = 4 each), olivine gabbroic anorthosite and troctolite with abundant 
anorthositic inclusions (n = 3 each), olivine-oxide gabbro (n = 2), and heterogeneous 
troctolite (n = 1) (Figure 5), which was typical of bedrock geology throughout the burned 
area (Figure 6). An explanation of the bedrock geology map units can be found in Table 
7. 
All seven remotely sensed images were used in one or more of the models, 
including the five degraded NAIP images described in the methods section above (Table 
2, 3). All spatially explicit model extrapolations were produced using a 2 m pixel size, 
which was the smallest pixel size of all the image variables, used, with the modeled 
climate data being the coarsest at 4 km pixels. 
Final structure models —from which extrapolated vegetation structure estimates 
were generated (Figure 7-12)— were obtained via implementation of a final PLS 
regression operation in SAS using just the reduced set of image predictor variables for 
each response variable obtained using xPLS. This resulted in adjusted coefficients of 
determination (Adj. R
2
) of 0.60 (RMSE= 2.47 species) for vegetative RIC and 
0.543(RMSE= 2.21 mm) for aspen DIA, with p-values of less than 0.01 for both. The 
adjusted coefficient of determination for the aspen DIA model was superior to all other 
aspen abundance models followed by BA (Adj. R
2
 = 0.45), HT (Adj. R
2
 = 0.42), DEN 
(Adj. R
2
 = 0.40), and PC (Adj. R
2
 = 0.22) (Table 8). Explanatory variables selected by 
xPLS regression for each of the vegetation structure models are shown in Table 9. 
In total, throughout the burned area, we identified seven tree species (two were 
conifers: jack pine and black spruce), 13 tree/shrubs, six shrubs, 43 forbs, seven 
graminoids, and two nonvascular plants (Table 4). After field sampling in the summer of 
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2013, the vegetation richness parameter was increased by +4.7 plant species for 32 plots 
that were sampled in May and June. Vegetation species richness calibration model was 
obtained using the  N5, N10, N20, N30, and L8 images, as well as 2012 annual mean 
temperature. The range of richness throughout the entire mapped area was between 0.75 
and 38.56 species, with the mean richness at 21.95 species, and a standard deviation of 
3.78 species. The median richness was 22.61.  
The calibration for diameter of aspen was obtained using the N2, N5, N10, N20, 
N30, and L8 images, as well as elevation, pre-fire aspen basal area, and slope data (Table 
9). Values for diameter throughout the entire mapped area were between 0 and 26.34 
mm, with a mean diameter of 7.12 mm, and a standard deviation of 4.95mm. The median 
diameter was 5.86 mm. 
Basal area model calibration was obtained using N2, N5, N30, and L8 images, as 
well as 2012 annual minimum temperature values, elevation, and pre-fire aspen basal 
area data (Table 9). Basal area of aspen throughout the entire mapped area fell between 0 
and 0.30 mm
2
/m
2
, with a mean BA of 0.05 mm per square meter, standard deviation of 
0.05 mm
2
/m
2
, and median BA of 0.04 mm
2
/m
2
.  
The model for aspen height was created using images N2, N10, N20, N30, and 
L8, as well as 2012 annual minimum temperature values and elevation data (Table 9). 
The height range of aspen throughout the entire mapped area fell between 0 and 318.93 
cm, with a mean height of 94.39 cm, standard deviation of 54.89 cm, and a median height 
of 82.22 cm.  
The aspen density calibration model was created using images N2, N5, N10, N20, 
N30, and L8, as well as elevation, pre-fire aspen basal area, and slope data (Table 9). 
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Density of aspen stems throughout the entire mapped area ranged from 0 to 3.31 per 
square meter, with a mean of 0.66 aspen stems/m
2
, standard deviation of 0.49 stems/m
2
, 
and a median density of 0.57 stems/m
2
.  
The percent cover calibration model was obtained using the N5, N10, N30, L8, 
and W1 images, as well as elevation data (Table 9). Percent cover of aspen ranged from 0 
to 42.65 %, with a mean cover of 10.75 %, a standard deviation of 6.38 %, and a median 
percent cover of 10.16 %. The explanatory image variable W1 had scan line errors 
(described above), which resulted in a smaller calibration sample size (n = 72). It should 
be noted here that, within Relevé plots, we often observed aspen patches where local 
foliar percent cover was as high as 100 %, however, these patches were always smaller 
than the extent of the 20 x 20 m Relevé plot, which often belied the average percent cover 
numbers recorded for a given plot. 
The average aspen density measured within our 81 field plots (0.59 stems/m
2
, 
Table 10) was 0.07 stems/m
2
 less than that of the average, model-derived, density 
estimates for the entire PCF area (Table 11, Figure 7). The average aspen diameter 
measured at field plots (8.98 mm, Table 10) was 1.86 mm greater than the average, 
modeled, diameter estimates for the whole PDF area (Table 11, Figure 8). Average aspen 
height measured within field plots (109.27 cm, Table 10) was 14.88 cm greater than 
average, modeled estimates for the entire PCF burned area (Table 11, Figure 9), while 
average percent foliar cover of aspen (8.73%) was 2.02 % less than model estimates 
(Table 10, Figure 9). Average ground measurements of aspen basal area (0.04 mm
2
/m
2
) 
were 0.01 mm
2
/m
2
 less than model estimates of average basal area throughout the burned 
area (Table 11, Figure 11). Lastly there was, on average, 1.44 fewer species found in 
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field-derived vegetation species richness measurements (20.51 species, Table 10), than 
model-derived estimates of richness throughout the burned area (Table 11, Figure 12). 
The models for DIA, HT, BA, and RIC all contained climate variables 
(precipitation and temperature), which were spatially very coarse (4 km) and clearly 
influence the visual appearance of resulting model extrapolations (Figures 7, 8, 10, and 
11). Considering that the accuracy and detail of information decreases as pixel-size 
increases (Cracknell 1998), we experimented with running the models with the climate 
variables excluded. The model results were less successful, decreasing adjusted Adj. R
2
 
values (range: 0.39 - 0.55), however all models were still significant (p < 0.01; Table 12). 
Additionally, three of our aspen abundance measurements, DEN, DIA, and BA 
included pre-fire estimates of basal area as a predictor variable. Hence, to avoid circular 
analyses between post-burn aspen structure and pre-burn aspen basal area, we 
recalibrated these three post-burn aspen structure models by excluding pre-burn aspen 
basal area from the pool of image-based predictor variables. These model results were 
also less successful, decreasing adjusted Adj. R
2
 values (range: 0.15 - 0.51), however all 
three post-burn aspen structure models (DEN, DIA, and BA) were still significant (p < 
0.01; Table 13). 
Partial least squares regression component loading results for remote sensing 
derived models of post-fire aspen abundance and vegetation species richness (Figure 13) 
show DEN retained the highest number of predictor variables (32), followed by DIA, 
RIC, HT, BA, and PC (variable range (9 - 27). The coefficient loadings for both pre-fire 
aspen BA and elevation, respectively, were the strongest predictors for DEN, DIA, and 
BA. Elevation and climate variables were also strong predictors for DIA, HT, and BA. 
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The PC model had N5, L8, and elevation as the strongest predictors, while the RIC model 
show strong loading coefficients on both climate and NDVI. 
When pre-fire aspen BA was withheld from the list of potential explanatory 
variables for DEN, DIA, and BA, PLS component loading results for density revealed a 
smaller model (6 variables) and the loadings were more evenly distributed (Figure 14). 
Pre-fire aspen BA was not as influential on DIA, as these predictor variables and 
associated loadings did not change substantially, as this model still retained a large suite 
of variables with elevation and climate being most dominant. The number of variables 
did not change for post-burn aspen BA, and elevation remained as a strong predictor. 
We determined that there was a significant, positive relationship between pre-
burn aspen BA and field-derived measurements of post-fire aspen DEN, DIA, HT, and 
BA (p < 0.01; Table 14). The strongest post-burn vegetation structural relationship with 
pre-burn aspen BA was post-burn aspen BA (Adj. R
2
 = 0.33), followed by DEN (Adj. R
2
 
= 0.20), DIA (Adj. R
2
 = 0.17), and HT (Adj. R
2
 = 0.12), while pre-burn aspen BA did not 
significantly explain observed variance in PC (p = .03, Adj. R
2
 = 0.05) or RIC (p = 0.59, 
Adj. R
2
 = 0.00; Table 14). 
All regressions of regenerating vegetation structure on RdNBR-measured fire 
severity resulted in insignificant relationships (p-value range = 0.14 - 0.57) and weak 
coefficients of determination (Adj. R
2
 range = 0.02 - (-0.01), Table 15). Therefore, our 
study concludes that fire severity, as measured by RdNBR, does not appear to 
significantly affect post-fire aspen abundance and vegetation species richness. 
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Discussion 
Our post-burn aspen abundance models reveal a general pattern and distribution 
of low aspen abundance in the west combined with a gradual increase in abundance 
eastward. Interestingly, this pattern aligns well with pre-fire aspen dominance and 
distribution (Wolter and Townsend 2011). Previous research has shown that post-
disturbance forest vegetation composition is largely influenced by pre-disturbance forest 
vegetation (Frelich and Reich 1995a,b; Heinselman 1996; Johnson et al 2003), and the 
results of this study confirms the conclusions of these earlier studies. 
Fire severity, as measured by the relative difference normalized burn ratio 
(RdNBR, Miller and Thode 2007; Miller et al 2009), computed using Landsat imagery 
from before and after the PCF (Figure 4), also appears to be greater in the eastern two 
thirds of the burn. Since fire severity is mostly high throughout the PCF burned area, we 
do not suggest that there is a strong relationship between severity and post-burn aspen 
abundance, but the loose west to eastward pattern should be noted. Hence, given these 
qualitative observations, it is worth noting that high severity burns have been found to 
produce large amounts of aspen root suckers (Fraser et al 2004), but that we can neither 
confirm nor deny such patterns. 
Plot-wise aspen DIA measurements yielded the greatest Adj. R
2
 values during 
model calibrations with remote sensing data (Table 8). In areas where aspen was not 
detected (as determined by our PC, DEN, and BA models), DIA was zero. Aspen 
diameter estimates mirrored patterns described above, where smaller DIA dimensions 
were the case in the west, and increasing to the east, while BA and DEN —also strong 
models— exhibited similar patterns in growth. 
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Across the PCF there was a large range and variation in modeled estimates of 
aspen height (HT), which was also observed among field plots (Table 10, 11). Full 
sunlight and warm summer temperatures allow aspen suckers to thrive; however, aspen 
suckers may compete with other pioneer species and are susceptible to herbivory 
(Shepperd 2001). Additional site-dependent factors affecting aspen growth include 
presence of aspen rootstock, soil temperature, nutrients, light, carbohydrates, genetics, 
wounding, severing, waterlogging, drought, allelopathy, density of leaf area, disease or 
defoliation, and predisturbance stand condition (Frey et al 2003); therefore, an array of 
height classes can be expected. Soil depth to bedrock was measured at each plot, however 
we did not find any correspondence to aspen measurements. 
The range of estimated percent cover (PC) across the PCF area (0-43%, Table 11) 
seemed conservative when compared to the observed range within our field 
measurements (0-88%, Table 10). Partial explanation of this result may be linked to the 
inherent sampling resolution imposed by our ocular estimation protocol. We used seven 
PC classes across the range from 0-100% (Relevé method). Of all these classes, three 
represented a 25% range in aspen cover, which are relatively course and subject to 
greater potential error compared to other direct aspen structural measurements described. 
In addition to errors imposed by sampling protocol we may have also anticipated a 
greater range in PC values partly because —although we observed localized areas of high 
aspen abundance (e.g. PC) —actual abundance generally was not evenly distributed 
across the area represented by the 20 m
2
 Relevé field plot (Figure 3). Hence, while a 
portion of the Relevé plot may contained 80%, the other 2/3 of the plot were often a 
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mixture of fireweed, pale corydalis, and moss. Therefore, localized, abundant aspen 
patches were depreciated by the diversity and abundance of other species within the plot. 
Modeled estimates of vegetation species richness (RIC) ranged from 0.75 to 38.56 
species across the PCF study area. While the remote sensing-RIC data calibration 
represented our strongest structure model (Adj. R
2
 = 0.60, Table 8), variation among 
these modeled estimates across the PCF study area was relatively low. Most areas across 
the PCF study area were mapped as having 15 and 30 species (Figure 12), which was in 
line with our field measurements. We were surprised that RIC did not vary more as 
dependent on fire severity and distance from burn edge. Although distance to seed source 
and forest edge, and resource availability were not measured in this study, past research 
has shown that these variables are influential in vegetation establishment and richness 
(McClanahan 1986; Turner et al 1998, Guirado et al 2006, Swanson et al 2011), and we 
would expect more variation throughout the burned area as a result, however richness 
was fairly uniform. Remote sensing has been used in northern Minnesota to detect 
dominant forest species composition (Wolter et al 1995, Woter and Townsend 2011), but 
we have not found another study in which remote sensing has been able to detect richness 
estimates at this level of detail in this region. 
Pre-burn aspen BA, climate variables (mean and minimum temperature), and 
geographic variables (slope and elevation) were all found to be strong predictors in at 
least three of our post-burn vegetation structure models, suggesting that pre-burn aspen 
BA, climate, and geography affect post-burn aspen regeneration distribution and 
abundance as well as vegetation species richness. The geographic variable aspect was not 
found to be influential in any of our models of aspen abundance and vegetative richness. 
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This was surprising considering aspect affects the amount of solar radiation and, hence 
temperature and moisture levels (Bonan and Shugart 1989), which, in turn, carries 
influence on vegetation dynamics (Frey et al 2003). However, topographic relief in this 
region is limited compared to other regions of North America. 
Increasing the number of plots and distributing these plots more widely 
throughout the burned area would likely have improved our models. All of the post-burn 
aspen structure models depict a clear pattern of low abundance in the northwestern 
regions of the burned area with an increasing trend in values eastward. This pattern aligns 
loosely with patterns of fire severity mapped using Landsat data (RdNBR, Figure 4), 
suggesting that fire severity —as depicted by RdNBR— may have a positive relationship 
with aspen abundance. 
It is interesting to consider that abundance, pattern, and growth of aspen 
regeneration across this burned landscape might also be modified, to a certain degree, by 
factors other than fire severity, soil, water, pre-burn aspen abundance, and nutrient 
availability. For instance, while we do not have specific data or analyses to support such 
a hypothesis, it may be a worthy endeavor to investigate whether specific type or 
association of herbaceous ground layer species may serve to benefit or retard the progress 
of regeneration aspen growth and/or abundance. Hence, it is of value to note in this 
context that climatic factors are influential in composition variation and structure of plant 
communities within boreal regions (Larsen 1980). As such, there are marked differences 
in the 2012 annual precipitation and temperature measurements for this period of ground 
measurement (PRISM climate modeling data, Table 5 and Table 6), which may lend 
support to such a theory for aspen recovery following wildfire. 
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While conducting our field work, we generally observed that in the northwest 
region of the burn (a low severity burn area, Figure 4), there was more paper birch and 
bindweed, which appeared to be overtaking aspen populations, while in the central and 
south-central regions, aspen was dominant— an area of moderate to high burn severity 
(Figure 4). Mature aspen cover was prominent in the central, east, and southern regions 
prior to the PCF, while mature jack pine and black spruce were more dominant on the 
westward side (Wolter and Townsend 2011). This suggests, and is agreement with other 
studies (Frelich and Reich 1995a,b; Heinselman 1996; Johnson et al 2003), that the 
dominant mature forest species cover existing prior to a burn influences the post-fire 
composition abundance and distribution of forest regeneration —especially aspen. There 
was also a greater abundance of jack pine and black spruce seedlings —based on 
vegetation richness observations— in the west, and more aspen sprouts to the east, which 
was in agreement with pre-fire, dominant forest cover maps (Wolter and Townsend 
2011). 
This method of model calibration can be used to predict aspen abundance and 
vegetation species richness following a high severity forest wildfire whenever NAIP 
image data (or similar) and Landsat data are available. However, these models may be 
less reliable with other disturbances, such as windthrow, where much of the residual 
forest vegetation is still in place and other structures obstruct the signal of new 
vegetation. 
The fact that our data revealed significant (p < 0.01) relationships between pre-
fire aspen basal area and post-fire aspen regeneration abundance supports prior literature 
associated with the influence of pre-disturbance forest vegetation composition and post-
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disturbance regeneration (Johnson et al 2003; Frelich and Reich 1995a; Greene et al 
1999; Weyenberg et al 2004). Given aspen’s robust and resilient adaptations to 
disturbance, it has been found in boreal regions that previous local populations of aspen 
will primarily determine new local populations (Johnson et al 2003), which our study in 
northeast Minnesota confirms. 
We posit that there was simply not enough variation in fire severity where our 
vegetation field measurements were taken to show any significant relationships with our 
measures of post-fire aspen abundance and vegetation species richness and severity. 
Therefore, although we were unable to find a relationship between RdNBR-measures of 
fire severity and post-fire aspen abundance, further research should be conducted within 
similar boreal ecosystems. Specifically, forest landscapes affected by a greater range in 
fire severities to determine, once and for all, whether such relationships may exist among 
boreal and sub-boreal forest ecosystems. The results of which will have strong 
implications for climate change research focused on forecasting future forest 
compositions given expected increases in fire frequency (Flannigan et al 2000; Dale et al 
2001; Millar et al 2007). 
Furthermore, it is not known, for any given location, what the true fire severity for 
the PCF may be, as RdNBR index is only a proxy. There has been conflicting validation 
data regarding the accuracy of RdNBR as a measure of fire severity. Miller et al (2009) 
found that while accuracy in measuring the most extreme fire severities using RdNBR 
was high (70.7 - 89.1%), reliability and accuracy decreased in lower severity 
classifications (50 - 60%). Similar results showing variation in the accuracy of RdNBR 
have been found in other studies (French et al 2008), and, in some cases, has even been 
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found to be less effective than differenced normalized burn ratio (dNBR) alone (Soverel 
et al 2010). A new satellite-inferred burn severity ratio, the relativized burn ratio (RBR), 
exhibits promise in surpassing accuracies of both dNBR and RdNBR (Parks et al 2014), 
and should be considered for future evaluation on the effects of pre-fire vegetation on fire 
severity. 
Wildfire patterns and fire severity differences may have contributed to the 
contrasting conclusions regarding vegetation species richness in our study versus those of 
the Turner et al (2007) study conducted in Yellowstone National Park. The Yellowstone 
fires were more than 250,000 ha and created a montage of burn severities and patch sizes, 
whereas, the PCF was smaller, mostly high severity, and was less patchy. Moreover, 
there are vast site dissimilarities in terrain, climate, soil types, and vegetation structure 
between these fires, which also influences vegetation variation. Our sites displayed little 
variation in species richness throughout; perhaps a greater range in richness would have 
led to more meaningful conclusions regarding the relationship between richness with pre-
burn BA and fire severity. Lastly, since we quantified both herbaceous and woody 
vegetation species-specific richness information, future research will focus on specific-
species associations and communities, and how they might correspond with certain pre-
fire cover types and fire severities. 
The primary intent of our study was to test whether it was possible to calibrate 
remote sensing-based models for the purpose of mapping post-fire estimates of early 
successional vegetation abundance, structure, and richness in a boreal landscape. This 
capability is significant as a planning for both forest resource managers and ecologists. 
The latter, specifically, to understand forest successional trends in a landscape dominated 
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by fire, but also to assist research that strives to forecast future forest composition in lieu 
of multiple stressors, climate change notwithstanding (Kasischke and Turetsky 2006; 
Soja et al 2007). Hence, we were able to show that remotely sensed imagery affords the 
ability to detect early successional forest species, as well as richness among associated 
ground layer vegetation species. The results of our study add to a growing body of 
literature on the power of remote sensing and patterns of forest response to wildfire. We 
have not found another published study that attempts to use remote sensing techniques in 
either a boreal or sub-boreal landscape to detect, quantify, and map early-seral stage 
forest recovery and associated vegetation species richness. 
As remote sensing capabilities become more sophisticated, it is not unreasonable 
to envision that we will soon be able to rapidly assess and measure the effects of high-
severity disturbances and do so with very few resources —without ever stepping foot on 
the affected landscape. Although this technology is not a perfect substitute for field-based 
knowledge (nor the intuition associated with field experience), use of remote sensing 
technology to study landscape-level disturbances can help fill in knowledge gaps that 
experienced forest managers and ecologists may have. Future research may continue to 
explore and challenge the capabilities of using remote sensing with regard to the study of 
relatively small or early successional vegetation; not only in disturbed forests, but a 
variety of vegetated landscapes, such as prairies and oak woodlands. By broadening our 
understanding and use of remote sensing as an ecological tool, forest managers and 
scientists may be armed with a unique baseline of data on vegetation response to better 
forecast ecosystem response following large-scale disturbance. Furthermore, considering 
the influence of wildfires on carbon stocks (Kasischke et al 1995; Harden et al 2000, 
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Bond-Lamberty et al 2007), modeling fire behavior and forest response could provide 
valuable insight to carbon inventories before and after fire. As climate change alters 
drought, wind, and fire patterns (Flannigan et al 2000), this research could be critical in 
providing managers with spatially explicit data on which to better inform adaptive forest 
management practices and mitigate frequency and impacts of large-scale disturbance. 
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CHAPTER 3. GENERAL CONCLUSIONS 
 
Summary 
As natural disturbances become larger and more difficult to predict, our need for 
more efficient tools to provide insight on what we can expect thereafter becomes more 
important. This project focused on the 1) use of remote sensing data to generate models 
and maps of aspen regeneration and vegetation species richness, and 2) effect of potential 
drivers affecting these two variables, following a large, high severity wildfire in the 
Boundary Waters Canoe Area Wilderness (BWCAW). 
My study found that ground and remote sensing data may be used in combination 
to calibrate biophysical models of seral stage forest vegetation recovery; facilitating 
mapping and extraction of aspen abundance and vegetation species richness in the early 
stages of succession in a spatially explicit framework. While precision and accuracy of 
these biophysical model calibrations were less than that reported for other remote sensing 
studies in this region that focused on quantifying mature forest structure for this area 
(Wolter et al 2009; Wolter and Townsend 2011; and Wolter et al 2012), the results are 
encouraging and powerful, as quantification and mapping at this early-seral stage of 
forest vegetation recovery has not been attempted elsewhere. Our ability to create these 
models to some degree of certainty using Landsat and NAIP imagery suggests that 
improved precision and refinement are likely possible via the combined use of more 
sophisticated sensors such as the hyperspectral sensor data acquired by either Hyperion 
(spaceborne NASA sensor) or AVIRIS (Airborne NASA sensor; Visible/Infrared 
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Imaging Spectrometer) and data from a high spatial resolution satellite sensor; equivalent 
or similar to Quickbird (0.61 - 2.4 m). 
Additionally, using our field-derived vegetation measurements for aspen 
abundance and vegetation species richness, we examined empirical relationships between 
our vegetation recovery structure variables and two dominant drivers that are often 
reported as influencing vegetation regeneration in fire-dominated forest ecosystems in 
this region. For one of these potential drivers —pre-fire aspen BA— we found a positive 
relationship with post-fire aspen abundance. However, an explored relationship between 
pre-fire aspen BA and overall vegetation richness was not significant, nor was fire 
severity significantly related with any of our modeled biophysical vegetation structure 
variables.   
The results of this study confirms those of other studies relating pre-fire 
vegetation to post-fire vegetation (Frelich and Reich 1995a,b; Heinselman 1996; Johnson 
et al 2003). However, our results were contrary to those of other studies with regard to 
relationships between fire severity to post-fire forest vegetation and overall vegetation 
species richness (Hickey 1994; Turner et al 1997; Turner et al 1999; Franklin et al 2002; 
Johnson et al 2003; Fraser et al 2004; Johnstone et al 2004; Reilly et al 2006; Franklin et 
al 2007; Carlson et al 2011; Catford et al 2012). A next step in this research should focus 
on understanding the results of this study in the context of detailed soil characteristics and 
specific information on the residence time and intensity of fire (Kolka et al 2014).  
It is clear that fire regimes throughout North America are changing (Kasischke 
and Turetsky 2006; Flannigan et al 2000; Soja et al 2007; Westerling et al 2011). We 
may be able to influence fire behavior and intensity through management, such as 
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thinning (Graham et al 1999; Pollet and Omi 2002), prescribed burning (Pollet and Omi 
2002; Fernandes and Botelho 2003), or mastication (Stephens and Moghaddas 2005; 
Kreye et al 2014), however in a protected area where wildfire is the prime disturbance, 
such as the BWCAW, we must accept that large, stand replacing fires will occur. 
Furthermore, due to climate-induced change in weather patterns, we may begin to see 
shifts in the frequency and magnitude of these forest disturbance events (Stocks et al 
1998; Flannigan et al 2000). If the Pagami Creek Fire is a starting point with respect to 
potential magnitude, and is indicative of what we can expect for future fire behavior in 
this region, then we have only begun to understand how a large, predominantly high 
severity fire will affect future species composition and subsequent successional trends 
within the BWCAW ecosystem. Hence, we hope that the ability to produce such remote 
sensing models will serve as a useful tool for more rapid and thorough analysis of fire 
behavior as well as critical calibration data for streamlining forest change forecasting 
models. 
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TABLES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Aspen abundance and vegetation species richness estimates were extrapolated to the 
entire PCF using digital satellite and aerial image data ranging in resolution from 2 to 30 meters. 
30-m resolution summer Landsat 8 (L8), 1-m resolution summer National Agriculture Imagery 
Program (NAIP) degraded to 2-, 5-, 10-, 20-, and 30-m (N2, N5, N10, N20, and N30 
respectively), and 30-m resolution winter Landsat-7 (W1) imagery. 
Image date Image code Image type Resolution (m) 
9/16/2013 L8 Landsat 8 30 
9/18/2013 N2 NAIP 2 
9/18/2013 N5 NAIP 5 
9/18/2013 N10 NAIP 10 
9/18/2013 N20 NAIP 20 
9/18/2013 N30 NAIP 30 
1/23/2014 W1 Landsat 7 30 
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Table 2. Indices used to detect vegetation variation include simple ratio (SR), normalized 
difference vegetation index (NDVI), moisture stress index (MSI), normalized burn ratio (NBR), 
reflectance absorption index (RA), and shortwave infrared visible ratio (SVR). 
Indices Formulation 
SR TM4/TM3 
NDVI (((TM4-TM3)/(TM4+TM3)) +1) *100 
MSI TM5/TM4 
NBR ((TM4-TM7)/(TM4+TM7)) +1 
RA TM4/(TM3+TM5) 
SVR ((TM5+TM7)/(TM1+TM2+TM3)) *1.5 
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Table 3. Explanatory variables included in predictor variable selection iterative exclusion partial least squares (xPLS) regression. 
National Agriculture Imagery Program (NAIP) image bands include blue (BL), green (GR), red (RD), and near infrared (NIR). Simple 
ratio (SR) and normalized difference vegetation index (NDVI) were calculated with NAIP images. Landsat 8 (L8) image bands 
include coastal aerosol (CA), BL, GR, RD, NIR, and SWIR2. SR, NDVI, shortwave infrared visible ratio (SVR), moisture stress index 
(MSI), reflection absorption index (RA), and normalized burn ratio (NBR) were calculated with the L8 image. Landsat 7 (W1) image 
bands include BL, GR, RD, NIR, SWIR1, and SWIR2. SVR and MSI were calculated with the W1 image. PRISM climate group 
provided 2012 climate variables including precipitation (PRICIP), mean temperature (MEAN_TEMP), minimum temperature 
(MIN_TEMP, occurring 2012 January), and maximum temperature (MAX_TEMP, occurring  2012 July). A digital elevation model 
created with Space Shuttle Radar Topography Mission (SRTM) data, provided elevation (ELEV), slope (SLP), and aspect (ASP) 
variables. Pre-fire aspen basal area was determined using spatially explicit total basal area estimates from Wolter et al (2009) and 
aspen composition data from Wolter and Townsend (2011). A total of 58 variables were included in each xPLS regression. 
Source Explanatory variables derived 
from associated image 
Source Explanatory variables derived 
from associated image 
N2 BL, GR, RD, NIR, SR, NDVI L8 CA, BL, GR, RD, NIR, SWIR2, 
WR, NDVI, SVR, MSI, RA, NBR 
N5 BL, GR, RD, NIR, SR, NDVI W1 BL, GR, RD, NIR, SWIR1, 
SWIR2, SVR, MSI 
N10 BL, GR, RD, NIR, SR, NDVI PRISM PRECIP, MEAN_TEMP, 
MIN_TEMP, MAX,_TEMP 
N20 BL, GR, RD, NIR, SR, NDVI SRTM ELEV, SLP, ASP 
N30 BL, GR, RD, NIR, SR, NDVI Wolter and 
Townsend 
PF_ASP_BA 
5
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Table 4. List of plant species we found throughout the area post-burn includes 20 tree species (two were conifers- jack pine 
and black spruce), 6 shrubs, 44 forbs, 7 graminoids, and 2 nonvascular plants. Nomenclature and growth habit source: 
www.plants.usda.gov. 
Code Scientific name Common name Growth habit 
ACRU Acer rubrum L. red maple tree 
BEPA Betula papyrifera Marshall paper birch tree 
FRNI Fraxinus nigra Marshall black ash tree 
PIBA2 Pinus banksiana Lamb. jack pine tree 
PIMA Picea mariana (Mill.) Britton, Sterns & Poggenb. black spruce tree 
POBA2 Populus balsamifera L. balsam poplar tree 
POTR5 Populus tremuloides Michx. quaking aspen tree 
ACSP2 Acer spicatum Lam. mountain maple tree/shrub 
ALINR Alnus incana (L.) Moench ssp. rugosa (Du Roi) R.T. Clausen speckled alder tree/shrub 
ALNUS  Alnus sp. Mill. alder sp. tree/shrub 
AMAR3 Amelanchier arborea (Michx. f.) Fernald  common serviceberry tree/shrub 
COCO6 Corylus cornuta Marshall beaked hazelnut tree/shrub 
COSE16 Cornus sericea L. redosier dogwood tree/shrub 
FRAXI Fraxinus sp. L. ash sp. tree/shrub 
PRPE2 Prunus pensylvanica L. f. pin cherry tree/shrub 
PRVI Prunus virginiana L. chokecherry tree/shrub 
SALIX1 Salix sp. L. unknown willow tree/shrub 
SALIX2 Salix sp. L. unknown willow tree/shrub 
SAMBU Sambucus sp. L. unknown elderberry tree/shrub 
UNK HW  unknown hardwood tree/shrub 
DILO Diervilla lonicera Mill. northern bush 
honeysuckle 
shrub 
LEGR Ledum groenlandicum Oeder bog Labrador tea shrub 
ROAC Rosa acicularis Lindl. prickly wild rose subshrub 
 
 
 
 
 
 
 
 
5
5
 
68 
 
  
 
 
 
RUID 
 
 
Rubus idaeus L. 
 
 
American red raspberry 
 
 
subshrub 
VAAN Vaccinium angustifolium Aiton shiny blueberry subshrub/ shrub 
VAMY Vaccinium myrtilloides Michx. velvetleaf blueberry subshrub/ shrub 
ARHI2 Aralia hispida Vent. bristly sarsaparilla subshrub forb/herb 
ARNU2 Aralia nudicaulis L. wild sarsaparilla subshrub forb/herb 
COCA13 Cornus canadensis L. bunchberry dogwood subshrub 
forb/herb 
LYOB Lycopodium obscurum L. rare clubmoss subshrub 
forb/herb 
2FB1  unknown forb  forb/herb 
2FB2  unknown forb  forb/herb 
2FB3  unknown forb  forb/herb 
2FB4  unknown forb  forb/herb 
ACMI2 Achillea millefolium L. common yarrow forb/herb 
ANMA Anaphalis margaritacea (L.) Benth. pearly everlasting forb/herb 
ANPL Antennaria plantaginifolia (L.) Richardson plantain-leaved 
everlasting 
forb/herb 
APAN2 Apocynum androsaemifolium L. spreading dogbane forb/herb 
CHAN9 Chamerion angustifolium (L.) Holub fireweed forb/herb 
CLBO3 Clintonia borealis (Aiton) Raf. bluebead lily forb/herb 
COAU Corydalis aurea Willd. golden corydalis forb/herb 
COSE5 Corydalis sempervirens (L.) Pers. pale corydalis forb/herb 
EPILO Epilobium sp. L. unknown willowherb sp. forb/herb 
EUMA27 Eurybia macrophylla (L.) Cass bigleaf aster forb/herb 
FRVI Fragaria virginiana Duchesne wild strawberry forb/herb 
GEBI2 Geranium bicknellii Britton Bicknell’s cranesbill 
geranium 
forb/herb 
GEMA Geranium maculatum L. spotted geranium forb/herb 
 
 
 
 
 
 
 
 
5
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HIAU 
 
 
 
Hieracium aurantiacum L. 
 
 
 
orange hawkweed 
 
 
 
forb/herb 
IRVE2 Iris versicolor L. harlequin blueflag iris forb/herb 
LACA Lactuca canadensis Canada lettuce forb/herb 
LASE Lactuca serriola L. prickly lettuce forb/herb 
MATR4 Maianthemum trifolium (L.) Sloboda false lily of the valley forb/herb 
MEAR4 Mentha arvensis L. wild mint forb/herb 
PEFR5 Petasites frigidus (L.) Fr. arctic sweet coltsfoot forb/herb 
PONO3 Potentilla norvegica L. Norwegian cinquefoil forb/herb 
PRAL2 Prenanthes alba L. white rattlesnake root forb/herb 
PRVU Prunella vulgaris L. common self-heal  forb/herb 
SOLID1 Solidago sp. L. unknown goldenrod sp. forb/herb 
SOLID2 Solidago sp. L. unknown goldenrod sp. forb/herb 
TRBO2 Trientalis borealis Raf.  starflower forb/herb 
TRPR2 Trifolium pratense L. red clover forb/herb 
TYPHA Typha L. narrow-leaved cattail forb/herb 
VEHA2 Verbena hastata L. swamp verbena forb/herb 
VIBL Viola blanda Willd. sweet white violet forb/herb 
VIMAP3 Viola macloskeyi Lloyd ssp. pallens (Banks ex Ging) M.S. 
Baker 
smooth white violet forb/herb 
VISO Viola sororia Willd. common blue violet forb/herb 
LAOC2 Lathyrus ochroleucus Hook. cream pea vine 
forb/herb 
LAVE Lathyrus venosus Muhl. ex Willd. veiny pea vine 
forb/herb 
POCI Polygonum cilinode Michx. fringed black bindweed vine  
forb/herb 
2GR1  unknown graminoid graminoid 
2GR2  unknown graminoid graminoid 
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2GR3 
 
 
 
unknown graminoid 
 
 
 
graminoid 
CAREX1 Carex sp. L. unknown sedge graminoid 
CAREX2 Carex sp. L. unknown sedge graminoid 
CAREX3 Carex sp. L. unknown sedge graminoid 
CAREX4 Carex sp. L. unknown sedge graminoid 
FUNAR2 Funaria sp. Hedw. unknown moss sp. nonvascular 
MAPO16 Marchantia polymorpha L. liverwort nonvascular 
5
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Table 5. Ecological data exhibited in sampled plots expressed by the average, minimum, and maximum values, and the standard 
deviation of values. Soil depth is the depth to bedrock. Fire severity measured by relative differenced normalized burn ratio (RdNBR). 
 Average Minimum Maximum Standard Deviation 
Precipitation (2012) 795.35 mm 778.28 mm 816.09 mm 13.56 mm 
Temperature (2012) 4.79 C -15.53 C 28.09 C  
Elevation 478.40 m 455 m 509 m 14.44 m 
Slope 2.06  0 8 1.58 
Soil Depth 34.78 cm 0 cm >150 cm 30.14 
Fire Severity (RdNBR) 
1-9 (Level 1, mild) 
10-15 (Level 2, light) 
16-25 (Level 3, moderate) 
26-35 (Level 4, heavy) 
> 35, (Level 5, extreme) 
34.89 19 41 4.28 
Pre-fire Aspen BA 8.73 m
2
/ha 0 m
2
/ha 36.27 m
2
/ha 9.62 m
2
/ha 
5
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Table 6. Ecological data exhibited throughout the Pagami Creek Fire burned area expressed by the average, minimum, and maximum 
values, and the standard deviation of values. Fire severity measured by relative differenced normalized burn ratio (RdNBR). 
 Average Minimum Maximum Standard Deviation 
Precipitation (2012) 803.72 mm 770.68 mm 852.11 mm 22.32 mm 
Temperature (2012) 4.74 C -15.95 C 28.3 C  
Elevation 487.54 m 434 m 577 m 22.48 m  
Slope 2.23 0 83 4.57 
Fire Severity (RdNBR) 
1-9 (Level 1, mild) 
10-15 (Level 2, light) 
16-25 (Level 3, moderate) 
26-35 (Level 4, heavy) 
> 35, (Level 5, extreme) 
36 1 255 6.826 
Pre-fire Aspen BA 1.517 m
2
/ha 0 m
2
/ha 56 m
2
/ha 4.79 m
2
/ha 6
0
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Table 7. Explanation of Figure 5 and 6 bedrock geology (Jirsa et al 2013).  
Symbol Bedrock Geology Type Description 
Mat Augite troctolite Undifferentiated 
Mdi Diorite  
Mg Gabbro  
Mgd Composite intrusions of granite, granodiorite, and 
diorite 
 
Mgr Granite and granophyre  
Mhb Basaltic to andesitic volcanic protolith Derived from Mesoproterozoic North Shore Volcanic Group 
Mla Augite troctolite Lake One intrusion 
Mli Troctolite Containing abundant anorthositic inclusions, Lake One 
intrusion 
Mlo Oxide troctolite Lake One intrusion 
Mlt Layered troctolite Lake One intrusion 
Mmg Microgabbro Typically as dikes; commonly composite dikes with late 
phase felsic components 
Moa Olivine gabbroic anorthosite Containing local segregations of various anorthositic rock 
types that are shown where known and large enough to 
portray; Anorthositic series 
Mog Olivine gabbro Occurs locally at base unit Mtu against Archean bedrock; 
Undifferentiated 
Moo Oxide-olivine gabbro Includes a more than 100 fot-wide, biotite-bearing dike that 
trends east through the central part of Lake Isabella 
Msa Stratiform olivine-bearing anorthosite Anorthositic series 
Mt Troctolite Undifferentiated 
Mta Troctolitic anorthosite Anorthositic series 
Mto Oxide-olivine gabbro to augite troctolite Lake Three intrusion 
Mtt Troctolite cumulates Lake Three intrusion 
   
5
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Mtu 
 
 
 
 
Troctolite 
 
 
 
 
Undifferentiated; likely continuous with or equivalent to 
Tuscarora intrusion to northeast 
Mwg Olivine-oxide gabbro Wilder Lake intrusion 
Mwh Heterogeneous troctolite Containing abundant anorthositic inclusions; Wilder Lake 
intrusion 
Mwi Troctolite with abundant anorthositic inclusions Wilder Lake intrusion 
Mwl Layered troctolite Wilder Lake intrusion 
Mwm Microgabbro Wilder Lake intrusion 
Mwo Oxide troctolite Wilder Lake intrusion 
Mwt Troctolite Contains inclusions of anorthosite and unit Mwg;  Wilder 
Lake intrusion 
Mxa Mixed anorthositic unit Contains olivine gabbroic anorthosite with segregations and 
intrusions of troctolitic anorthosite and other anorthositic 
rock types that are shown only where large enough to 
delineate; Anorthositic Series 
6
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Table 8. Results of xPLS regression model development and leave-one-out cross-validation of aspen abundance as measured by 
density (DEN), diameter (DIA), height (HT), percent cover (PC), and basal area (BA), as well as vegetation species richness (RIC) 
estimates. 
y- variable Image 
 
n RMSE R
2
 Adj. 
R
2
 
Min. root 
mean 
PRESS 
p-
value 
Initial 
Vars. 
No. 
Vars. 
Selected 
Reg. 
Intercept 
Reg. 
Slope 
DEN  
(stems/m
2
) 
N2, N5, N10, 
N20, N30, L8, 
ELEV, 
PF_ASP_BA, 
SLOPE 
81 0.428 0.405 0.397 0.838 <0.001 50 32 0.352 0.405 
DIA (mm) N2, N5, N10, 
N20, N30, L8, 
MIN_TEMP, 
ELEV, 
PF_ASP_BA 
81 2.209 0.537 0.532 0.752 <0.001 50 27 3.076 0.537 
HT (cm) N2, N10, N20, 
N30, L8, 
MIN_TEMP,EL
EV 
81 25.546 0.431 0.424 0.819 <0.001 50 13 49.110 0.431 
PC (%) N5, N10, N30, 
L8, W1, ELEV 
72 5.715 0.234 0.223 0.923 <0.001 58 9 6.916 0.234 
BA  
(mm
2
/m
2
) 
N2, N5, N30, 
L8, 
MIN_TEMP, 
ELEV, 
PR_ASP_BA 
81 0.034 0.455 0.448 0.765 <0.001 50 10 0.023 0.455 
RIC  
(# species) 
N2, N10, N20 
N30, L8, 
MEAN_TEMP 
81 2.473 0.601 0.596 0.681 <0.001 50 16 8.178 0.601 
6
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Table 9. Specific explanatory variables selected for each model resulting from xPLS regression and leave-one out cross-
validation of aspen abundance as measured by density (DEN), diameter(DIA), height (HT), percent cover (PC), and basal area 
(BA), as well as vegetation species richness (RIC). 
 
 
 
 
 
 
 
y- variable No. Vars. Selected Specific Vars. Selected. 
DEN (stems/m
2
) 32 GR10, RD10, IR10, SR10, NDVI10, BL20, RD20, IR20, SR20, NDVI20, BL2, 
RD2, IR2, SR2, NDVI2, BL30, RD30, IR30, SR30, NDVI30, RD5, IR5, SR5, 
NDVI5, LT8_4, LT8_5, SR, SVR, RA, Elevation, Pre-fire aspen BA, Slope 
DIA (mm) 27 BL10, GR10, RD10, SR10, NDVI10, BL20, GR20, RD20, SR20, NDVI20, BL2, 
GR2, IR2, SR2, NDVI2, GR30, BL5, GR5, RD5, IR5, SR5, NDVI5, MSI, RA, 
Minimum temperature, Elevation, Pre-fire aspen BA 
HT (cm) 13 BL10, RD10, RD20, IR20, RD2, SR2, NDVI2, BL30, SR, MSI, RA, Minimum 
temperature, Elevation 
PC (%) 9 GR10, RD30, GR5, IR5, LT8_3, SVR, W3, W4, Elevation 
BA (mm
2
/m
2
) 10 RD2, IR2, NDVI30, RD5, SR5, NDVI5, LT8_3, Minimum temperature, Elevation, 
Pre-fire aspen BA 
RIC (# species) 16 SR10, NDVI10, BL20, GR20, RD20, SR20, NDVI20, BL30, GR30, RD30, SR30, 
BL5, NDVI5, LT8_2, NDVI, Mean temperature 
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Table 10. Aspen and vegetation species richness measurements derived from plot data. Field measurements include aspen density 
(DEN), diameter (DIA), height (HT), percent cover (PC), and basal area (BA). Vegetation species richness (RIC) was also measured 
at plots. 
Field-derived  Average Minimum Maximum Standard Deviation 
Post-fire Aspen DEN .59 stems/m
2
 0 stems/m
2
 3.71 stems/m
2
 0.87 stems/m
2
 
Post-fire Aspen DIA 8.98 mm 3.41 mm 13.69 mm 2.24 mm 
Post-fire Aspen HT 109.27 cm 42.8 cm 219.85 cm 28.11 cm 
Post-fire Aspen PC 8.73 % 0 % 88 % 13.32 % 
Post-fire Aspen BA 0.04 mm
2
/m
2
 0  mm
2
/m
2
 0.30  mm
2
/m
2
 0.07  mm
2
/m
2
 
Post-fire RIC 20.51 species 8 species 32 species 5.02 species 
6
5
 
77 
  
 
 
 
 
 
 
 
 
 
 
  
Table 11. Aspen and vegetation species richness measurements predicted by models. Model measurements include aspen density 
(DEN), diameter (DIA), height (HT), percent cover (PC), basal area (BA), and vegetation species richness (RIC). 
Model-derived Average Minimum Maximum Standard Deviation 
Post-fire Aspen DEN 0.66 stems/m
2
 0 stems/m
2
 3.31 stems/m
2
 0.49 stems/m
2
 
Post-fire Aspen DIA 7.12 mm 0 mm 26.34 mm 4.95 mm 
Post-fire Aspen HT 94.39 cm 0 cm 318.93 cm 54.89 cm 
Post-fire Aspen PC 10.75 % 0 % 42.65 % 6.38 % 
Post-fire Aspen BA 0.05  mm
2
/m
2
 0  mm
2
/m
2
 .30  mm
2
/m
2 `
 0.05  mm
2
/m
2
 
Post-fire RIC 21.95 species 0.75 species 38.56 species 3.78 species 
6
6
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Table 12. Results of xPLS regression model development and leave-one-out cross-validation of aspen abundance as measured by 
diameter(DIA), height (HT), and basal area (BA), as well as vegetation species richness (RIC) estimates with climate variables 
(precipitation and temperature) removed. 
y- variable Image 
 
n RMSE R
2
 Adj. 
R
2
 
Min. 
root 
mean 
PRESS 
p-
value 
Initial 
Vars. 
No. 
Vars. 
Selected 
Reg. 
Interc
ept 
Reg. 
Slope 
DIA (mm) N2, N5, N10, 
N20, N30, 
L8, ELEV, 
PF_ASP_BA 
81 2.209 0.401 0.393 0.839 <0.001 46 23 3.984 0.401 
HT (cm) N2, N5, N10, 
N20, N30, 
L8, ELEV, 
PF_ASP_BA 
81 25.445 0.418 0.411 0.839 <0.001 46 21 50.222 0.418 
BA  
(mm
2
/m
2
) 
N2, N5, N30, 
L8, ELEV, 
PF_ASP_BA 
81 0.033 0.439 0.432 0.785 <0.001 46 9 0.023 0.439 
RIC  
(# species) 
N2, N5, N10, 
N20 N30, 
L8, ELEV 
81 2.511 0.553 0.548 0.725 <0.001 46 18 9.161 0.553 
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Table 13. Results of xPLS regression model development and leave-one-out cross-validation of aspen abundance as measured by 
density (DEN), diameter(DIA), and basal area (BA), as well as vegetation species richness (RIC) estimates with pre-fire aspen basal 
area removed. 
y- variable Image 
 
n RMSE R
2
 Adj. 
R
2
 
Min. 
root 
mean 
PRESS 
p-
value 
Initial 
Vars. 
No. 
Vars. 
Selected 
Reg. 
Inter
cept 
Reg. Slope 
DEN 
(stems/m
2
) 
N10, N20, 
N30, 
MAX_TEMP, 
ELEV 
81 0.319 0.159 0.148 0.884 <0.001 49 6 0.498 0.159 
DIA (mm) N2, N5, N10, 
N20, L8, 
MIN_TEMP, 
ELEV 
81 2.214 0.512 0.506 0.770 <0.001 49 20 3.246 0.512 
BA  
(mm
2
/m
2
) 
N2, N10, 
N30, L8, 
MIN_TEMP, 
ELEV 
81 0.027 0.207 0.197 0.884 <0.001 49 9 0.033 0.207 
6
8
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Table 14. Results of linear regression of density (DEN), diameter(DIA), height (HT), percent cover (PC), basal area (BA), and 
vegetation species richness (RIC) each as a function of pre-fire aspen BA. 
y-variable n R
2
 Adj. R
2
 p-value Intercept (95% C.I.) Slope (95% C.I.) 
DEN (stems/m
2
) 81 0.210 0.200 <0.001 5.721 (3.411 - 8.031) 5.084 (2.874 - 7.295) 
DIA (mm) 81 0.178 0.168 <0.001 2.592 (-0.940 - 6.125) 0.923 (0.479 - 1.367) 
HT (cm) 81 0.133 0.122 <0.001 2.817 (-1.107 - 6.742) 0.068 (0.029 - 0.108) 
PC (%) 81 0.061 0.049 0.027 7.178 (4.691 - 9.664) 0.178 (0.021 - 0.335) 
BA (mm
2
/m
2
) 81 0.337 0.328 <0.001 5.348 (3.305 - 7.391)  84412 (57.865 - 110.959) 
RIC (# species) 81 0.007 -0.006 0.459 12.013 (2.981 - 21.045) -0.160 (-0.588 - 0.268) 
6
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Table 15. Results of linear regression of density (DEN), diameter(DIA), height (HT), percent cover (PC), basal area (BA), and 
vegetation species richness (RIC) each as a function of fire severity as measured by relative differenced normalized burn ratio 
(RdNBR). 
 
 
 
 
 
y-variable n R
2
 Adj. R
2
 p-value Intercept (95% C.I.) Slope (95% C.I.) 
DEN (stems/m
2
) 81 0.006 -0.006 0.474 34.653 (33.500 - 35.806) 0.398 (-0.705 - 1.501) 
DIA (mm) 81 0.006 -0.006 0.486 34.381 (32.652 - 36.110) 0.076 (-0.141 - 0.294) 
HT (cm) 81 0.013 0.001 0.302 34.052 (32.188 - 35.915) 0.001 (-0.001 - 0.028) 
PC (%) 81 0.017 0.004 0.249 35.252 (34.120 - 36.385) -0.042 (-0.113 - 0.030) 
BA (mm
2
/m
2
) 81 0.004 -0.009 0.572 34.724 (33.609 - 35.838) 4.123 (-10.354 - 18.600) 
RIC (# species) 81 0.027 0.015 0.143 32.017 (28.037 - 35.997) 0.140 (-0.049 - 0.329) 
6
6
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FIGURE CAPTIONS 
 
Figure 1. Workflow diagram illustrating extrapolation process for response variables 
across the Pagami Creek Fire burned area. 
 
Figure 2. The Pagami Creek Fire spanned from August through October of 2011. 
Located in the Boundary Waters Canoe Area Wilderness, Superior National Forest in 
Lake County, Minnesota. Map of burned area provided by Bing (www.bing.com/maps/). 
 
Figure 3. Plot design for Relevé and aspen measurements includes a large 20m
2
 Relevé 
plot and four 3-m radius subplots- one at the center and three satellite subplots. 
 
Figure 4. Burn severity levels as determined by relative difference normalized burn ratio 
(RdNBR, Miller et al 2009), calculated using before and after burn Landsat imagery. 
Yellow represents the lowest burn severity, orange, and lastly, red at the highest severity 
level. 
 
Figure 5. Various types of bedrock geology within field plots (Jirsa et al 2013). Most 
plots (n=50) were found in mixed anorthositic unit (MXA), followed by stratiform 
olivine-bearing anorthosite (MSA), troctolitic anorthosite (MTA), troctolite (MT), 
troctolite cumulates (MTT),olivine gabbroic anorthosite (MOA), troctolite with abundant 
anorthositic inclusions (MWI), olivine-oxide gabbro (MWG), heterogeneous troctolite 
(MWH), layered troctolite (MWL), and microgabbro (MWM). Location of bedrock 
geology types provided by Jirsa et al (2013). 
 
Figure 6. More than 60% of plots were in mixed anorthositic unit (Mxa). Likewise, the 
majority of the burned area is also comprised of this type of geology. Location of bedrock 
geology types provided by Jirsa et al (2013). 
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Figure 7. Map of aspen density (DEN) estimates throughout the burned area. The darker 
areas represent low density while the light areas are high density. 
 
Figure 8. Map of aspen diameter (DIA) estimates throughout the burned area. The darker 
areas represent aspen trees with smaller diameters while the light areas contain aspen 
trees with larger diameters. 
 
Figure 9. Map of aspen height (HT) estimates throughout the burned area. The darker 
areas represent shorter aspen trees while the light areas contain taller aspen trees. 
 
Figure 10. Map of aspen percent foliar cover (PC) estimates throughout the burned area. 
The darker areas represent less aspen cover while the light areas contain greater aspen 
cover. The model for aspen percent foliar cover used image W1, and therefore has scan 
line errors with missing data. 
 
Figure 11. Map of aspen basal area (BA) estimates throughout the burned area. The 
darker areas are representative of smaller aspen basal area estimates while lighter areas 
have higher aspen basal area estimates. 
 
Figure 12. Map of vegetation species richness (RIC) estimates throughout the burned 
area. The darker areas represent lower vegetation species richness while the lighter areas 
represent higher vegetation species richness. 
 
Figure 13. Component loadings for image variables selected by iterative exclusion partial 
least squares regression (xPLS) for building aspen abundance and vegetation richness 
models.  
 
Figure 14. Component loadings for image variables selected by iterative exclusion partial 
least squares regression (xPLS) for building aspen abundance and vegetation richness 
models, with pre-fire aspen BA excluded as a predictor variable.
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